The available data point to a universal physiological requirement for calcium ions in the activation of muscular contraction. Although the basic role-that of controlling the reactions in the myofibrils which lead to shortening or tension-seems to be the same in a wide variety of tissues, there are other roles connected with the activation of contraction which Ca can perform and which may vary in different tissues. Among these roles are the maintenance of the resting membrane potential, the ability to respond to stimulation with an action potential, and the maintenance of some membrane property necessary for the link between the depolarization and the initiation of the reactions producing tension. It is possible that a common mechanism underlies these reactions.
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Present address of C. Edwards: Department of Biological Sciences, State University of Xew York at Albany, Albany, N. Y., 12203. cium is released and diffuses to the sites at which shortening is initiated. The fact that diffusion is involved makes it necessary in large (diameter 50 ^ or greater), quickly-reacting muscles that both the source of the activating calcium and its sink be close to the reactive sites, and that there exists a mechanism to propagate the effects of the events at the surface membrane (the action potential) into the center of the fiber. This necessity does not exist either for thin fibers or for slow muscles; in these cells the intracellular concentration of Ca ions might be controlled by the external fiber membrane.
An increased entry of calcium into contracting muscles has been observed in both fast and slow muscles and the heart of the frog (Bianchi and Shanes, 1959; Shanes, 1961; Winegrad and Shanes, 1962; Niedergerke, 19636) . On the basis of these observations the idea has been put forward that the activation of contraction could be controlled by entry of calcium into the fibers. However, the lack of correlation between Ca-entry and size of contracture in twitch muscles in a number of conditions is against the idea (Lorkovic, 1963&, 1967a . Further, the quantity of Ca entering into a frog sartorius, measured by Ca 45 uptake, is at least one order of magnitude (615) too small to activate the myofibrils fully (Shanes and Bianchi, 1959; Sandow, 1965) . However, the amounts taken up by frog heart muscles during both twitches and potassium contractures may be sufficient for full activation (Niedergerke, 1963«, b) ; the calculation depends in part upon what assumptions are made about the content of contractile protein and its activation. This difference suggests that the manner in which mechanical activity is controlled by the calcium that enters during activity may not be the same in various muscles.
The effects of replacement of extracellular Ca-ions by other divalent ions support such an assumption. In the twitch muscles of the frog, contractures are maintained for an hour or so if Ni, Co, or Mn replaces Ca (Frank, 1962) . In the frog heart under the same conditions, both the twitch and the contracture are quickly and completely lost; the only ion by which Ca can be replaced in the heart is Sr (Nayler, 1965) . It has been shown that only Sr can substitute for Ca for extended periods in maintaining K-con fractures when applied extracellularly to an intact twitch muscle of the frog. Sr can also activate frog twitch fibers from which the membrane has been removed (Podolsky, personal communication) and is able to produce local contractions when injected intracellularly (crab; Caldwell and Walster, 1963) . Sr can activate the myofibrillar ATPase and is accumulated by the sarcoplasmic reticulum (Edwards, Lorkovic, and Weber, 1966) . Its effectiveness in the heart thus parallels its intracellular effectiveness, supporting the idea of activation by entry in this tissue.
Another type of striated muscle which may be activated by entry of extracellular calcium is the slow tonic muscle fiber of the frog. Although the measured uptake of Ca 45 during activation into whole rectus muscles was smaller than that observed in the frog sartorius (Shanes, 1961 ) the data are difficult to interpret since the slow fibers make up a small and variable part of the whole mass of fibers in the rectus muscles that were used. It was, therefore, of interest to see whether potassium contractures could be supported by the divalent ions found to be effective in the twitch muscles. Other studies were performed with single giant fibers of barnacle muscles and with mammalian muscles.
K-CONTRACTURES IN FROG TONIC MUSCLE FIBERS
All the methods used were essentially similar to those reported previously, (Lorkovic, 1963o, 1967«) .
The application of Ringer's solution containing 2 mM Ca and 10 mM or more K to a frog rectus produces a permanent tonic contracture. The mechanical activity is maximal in the presence of potassium concentrations in the range of 15 to 40 mM, depending on the species and season. If a muscle which is made to contract isotonically is stretched every five minutes during the application of potassium, the active shortening that follows can be distinguished from the "catch" effect; it is considered to represent the mechanical activity of the slow fibers (Kuffler and Vaughan Williams, 1953; Lorkovic, 1963a) .
When the shortening reached a steady level, a Ca-free solution containing the same amount of K was applied (Fig. 1) . The magnitude of the shortening then gradually decreased to nearly zero. The half-times of the decrease of shortening varied from 6 to 40 min in 13 muscles. If Ni or Co were applied after the contracture had been abolished by prior washout of Ca there was no restoration of the mechanical response. Further, if after removal of the Ca-containing solution, the replacing Ca-free solution contained Ni, Co, Mn, Cd, or Zn, the magnitude of the shortening decreased similarly (tested on 2-12 muscles for each cation), just as if no divalent cation had been present. The same result was obtained when acetylcholine was used as a contracture-proclucing agent and Ca was replaced by Co. The loss of the ability of the slow fibers to develop tension in the absence of Ca, and the inability of Mg to replace Ca, was observed by Schaechtelin (1961) and Liittgau (1963) .
The extent and the time-course of the recovery of the shortening on reapplication of calcium were independent of the prior treatment in the presence of Mn, Ni, Co, and Mg. The average half-time of recovery was 17.4 min (12 muscles) which is the same as the half-time of the loss of the response in Ca-free solution (17.2 min). Following application of Cd or Zn, recovery was delayed, sometimes for more than an hour. The mechanism of this inhibition was not investigated further.
In contrast, when Sr replaced Ca the magnitude of the shortening decreased initially but eventually increased to a value greater than the control. Furthermore, after a steady contracture had been established in the presence of Sr the half-time of the abolition of the contracture in a solution free of divalent ions was 2-3 times longer than in the similar situation in the presence of Ca. The time-course of the loss of the shortening response following removal of Sr was not changed by reducing the concentration of K to 2.5 mM (Fig. 1 ). An increase in the magnitude of shortening was observed also when Ba replaced Ca. In addition, in the presence of Ba the shortening response of the muscle lasted for more than an hour after the concentration of potassium was reduced to 2.5 mM (not shown).
The existence of a competition between Ca and Mn or Ni for some sites concerned with the mechanical activation was suggested by the measurements of the steady state level of shortening provoked by various concentrations of K in the presence of 0.5 mM Ca alone or with 2.0 mM Mn, Ni, or Ca added (Fig. 2) . The magnitude of the maximum shortening was much reduced by the presence of Ni, less by Mn, and increased by the addition of Ca. The curves relating tension to K-concentration were shifted to the right, i.e., to higher K-level, by the addition of these divalent ions. The absence of a competitive effect between Ca and the foreign divalent cations on the rate of loss of contractility when Ca is withdrawn and replaced by Ni or Mn may be explained by the slow diffusion of these cations to the reacting sites. Assuming the diffusion of these cations to proceed at the same rate as does Ca, and taking D, the apparent diffusion constant, to be equal to 1 X 10~° cm Following withdrawal of Ca from Ringer's solution, contractures have been found to develop and then to disappear in the rectus muscle of the frog (Kutscha and Pauschinger, 1961; Irwin and Hein, 1964) . If a rectus muscle of a frog is stretched repeatedly during such contractures the amount of shortening first increases and then decreases with time (Fig. 3) . The shortening response disappeared within 10 minutes after Co, Mn, or Na was applied to the muscle and it did not reappear as long as the divalent ions were present. Mg was less effective than the other ions tested. Thus, these divalent cations, which are themselves unable to activate contraction in the rectus in the presence of elevated K, can presumably reverse the membrane reactions leading to the contracture which follows removal of calcium.
K-CONTRACTURES IN BARNACLE MUSCLE FIBERS
The potassium-contractures of the giant muscle fibers of the barnacle have been described by Hoyle and Smyth (1963) . To study the role of divalent cations in these contractures, single fibers of barnacle muscles were washed in a Ca-and Mg-free artificial sea water. In 16 fibers used (average diameter about 1 mm) a 10-min wash in divalent ion-free solution was sufficient to abolish or reduce the responses to 100 mM potassium. With 10 mM Ca or Sr in the solution, phasic contractures could be provoked by applying 100 mM K. Ni, Mn, Mg, and Cd were without effect (5-7 fibers for each cation).
UPTAKE OF CA 45 BY BARNACLE MUSCLES
Since only Sr could replace Ca in maintaining the contractures, the barnacle fibers represented a convenient preparation for examining whether in this type of muscle the entry of extracellular Ca during contractures is quantitatively sufficient to activate the muscle.
The data showing the uptake of Ca 45 by single fibers of barnacle muscle are given in Figure 4 . Some muscle fibers were soaked for 1 min in a normal barnacle Ringer's solution containing Ca
45
, and then for 1 min in a similar Ca 45 solution where 104 mM Na were replaced by an equivalent amount of K. The control muscles were kept in the first solution for 2 min. The muscles were then washed in non-radioactive solutions for various periods of time and the radioactivity was measured. The experiments were done at 4-5° C. After 1 min of washout, an amount of Ca 45 corresponding to more than 0.3 mM Ca/g was retained both by the muscles which contracted in the high K and by the resting muscles; the difference was not statistically significant. After 3 min of washout, the active muscles retained about onehalf the amount found after 1 min wash- out; the resting muscles, however, retained less. The difference in retention of Ca 45 by active and resting muscles was still larger after 10 min of washout, and it was statistically significant.
The increase of uptake (or retention) of Ca 45 with activity after a 10-min washout was about 90 m^M Ca/g of fresh muscle. This amount is four to eight times higher than that obtained in frog muscles (Bianchi and Shanes, 1959; Lorkovic, 1967b) . However, the latter results were obtained with solutions containing eight to twenty times less calcium, and were carried out at room temperature. Both high calcium and low temperature would tend to increase the additional uptake with activity (Lorkovic, 1962 (Lorkovic, , 1963b . On the other hand, the filling of the extracellular spaces by Ca 45 after 2 min of soaking in Ca 45 was probably less complete in the thick fibers of the barnacle than in the thin muscles of the frog's toe, and this would decrease the estimated uptake.
EFFECT OF CA-WITHDRAWAL AND

CA-REPLACEMENT BY NI ON MAMMALIAN MUSCLE
Bundles of muscle fibers from the soleus or extensor digitorum longus muscles of the mouse were bathed in a solution containing 3 mM Ca or Ni. The contracture-responses of mouse muscle and the effect of Ca-free solutions on them have been described elsewhere (Lorkovic, 1967c) . It has been found that the decline of the contractures during Ca-washout is slow; the half-time for the response to decrease to one-half the initial value is 5-25 min.
Substitution of Ni for Ca at different intervals after the withdrawal of Ca resulted in a temporary increase in the responses to K (Fig. 5) . The absolute magnitude of this increase was about the same regardless of the extent to which the responses had been inhibited by the withdrawal of Ca prior to the application of Ni.
Sr was more effective than Ni in restoring the ability of the mouse muscles to contract in response to high K. The time-course of the restoration of the response with Sr was similar to that with Ca. The maximum Soleus and extensor digitorum longus muscles were used. The muscles were first washed in Caand Ni-free solutions for 3-40 min. Then contractures were provoked with 150 mM K; the relative size is represented by the symbols at zero time in the figure. Following these contractures, the muscles were bathed in Ca-free solutions containing 3 mM Ni, and additional K contractures were provoked at the times indicated on the abscissa. The tension is expressed as per cent of the control contraotures (not represented) which were provoked in the presence of 3 mM Ca.
effect of Sr was achieved about 10 min after the application. The maximum tension declined slowly thereafter. This, however, appeared to be due to a progressive deterioration of the muscle, since the full maximum tension could not be obtained after a reapplication of Ca (Fig. 6 ). 
DISCUSSION
The results presented in the paper are compatible with the idea that activation of contraction in some types of muscles is achieved, at least in part, by entry of extracellular Ca. Two kinds of arguments speak for this thesis. One of them is the fact that in the frog heart and rectus and the barnacle muscle the only divalent cations that are able to support contractures when applied externally are those which activate the contractile elements when applied intracellularly or when isolated systems are examined. The contracture-responses of Ca-free, washed, mouse muscles were somewhat increased by the addition of Ni, but the increase was much less than in frog twitch muscles. This, however, does not imply that mouse muscles are activated primarily by influx of extracellular Ca, for the following reason. It has been shown (Lorkovic, 1967c ) that contractures in mouse muscles, in contrast to most other muscles, occur also in Ca-free solutions, and that the increase in the responses when Ca is added is relatively small when tested after a brief exposure to Ca sufficient for the extracellular spaces to be filled by this ion.
A second argument is the existence in frog heart and rectus and in barnacle muscle of a calcium-influx as part of the membrane-depolarization leading to tension. In the barnacle muscle, the action potential is considered to be dependent upon an increase in permeability to calcium (Hagiwara and Naka, 1964) . In the frog's heart, the magnitude of the overshoot is related to the external concentration of calcium, suggesting that part of the inward current during the depolarizing phase of the action potential is due to entry of calcium (Niedergerke and Orkand, 1966) . At the endplate of frog skeletal muscle, acetylcholine has been shown to increase the permeability to calcium and thus to facilitate its entry (Takeuchi, 1963) . The slow muscle fibers of the rectus are activated by the depolarization initiated by acetylcholine at the numerous endplates distributed over the surface of the muscle membrane, and thus there may be an appreciable entry of calcium with activation. More pertinent are the observations on the Ca-influx in the frog heart during K-contractures as reported by Niedergerke (1963a) , the Ca-influx in rectus reported by Shanes (1961) , and the uptake of Ca 45 by barnacle muscles reported in the present paper. While the evidence for the rectus is not clear, Niedergerke's data indicate that the level of ionized Ca during contractures might be sufficient to reach threshold in the frog heart. In barnacle muscle a value for the Ca-entry per spike of about 1 /xM/kg can be calculated from the data given by Hagiwara and Naka (1964) . This may be less than required to activate the actomyosin present; however, the experimental methods used were not adequate to show an entry of a Ca-fraction, which is subsequently removed with a time constant of the order of a minute. During 1 min in the presence of high K, the increment in the Ca 4fl content of barnacle muscle soaked in Ca 4r> for 2 min was about 90 juM/kg.
There is additional evidence for direct entry of Ca as a basis of mechanical activation in barnacle muscle. While the Ca content is less than 1 mM/kg, the amount of EGTA that must be injected to block the mechanical response is about 5-7 mM (Ashley, 1967) . Further, in the presence of 100 mM Mg (to satisfy the requirement for non-specific divalent cation for membrane function) the size of the mechanical response increases with increase in Ca-concentration; presumably the Ca-entry per twitch would increase in a parallel manner (Hagiwara, Takahashi, and Junge, personal communication).
The phenomena of interaction of various divalent ions in the solution is pertinent to this problem. It is known that contractures of frog twitch muscle are influenced by the presence of Ni or Mn in such a way as to increase the area under the contracturecurve. However, in the rectus, an inhibition of the K-contracture was observed when 2 mM Mn or Ni were added to a contracture-solution containing 0.5 mM Ca. A similar antagonism between Ca and Mn is known in frog heart (Nayler, 1965) , in guinea pig heart (Kaufmann and Flecken-
